I N T R O D U C T I O N
Rifting episodes, where new crust is added through the intrusion of multiple dykes in a short period of time, are known to play a key role in seafloor spreading but are seldom observed above sea level (e.g. Delaney et al. 1998) . The most recent known examples occurred at Krafla, Northern Iceland, where a series of 20 dykes were intruded over a 9 yr period from 1975, (Einarsson & Brandsdóttir 1980; Tryggvason 1984; Buck et al. 2006) and in the Asal rift in 1978, where 2 m of extension was achieved following the intrusion of a dyke at a new eruptive centre (Abdallah et al. 1979; Cattin et al. 2005; Vigny et al. 2007) . In 2005 September a 60-km-long rift segment ruptured in Northern Afar, Ethiopia, marking the beginning of an ongoing rifting episode (Wright et al. 2006; Yirgu et al. 2006; Ayele et al. 2007; Rowland et al. 2007; Ebinger et al. 2008) .
The Afar depression, comprising the Afar triple junction, formed as a result of rifting between Africa and Arabia over the past ∼30 Myr. The three arms of the triple junction, the Red Sea, Gulf of Aden and East African rifts ( Fig. 1) , formed within a Palaeogene flood basalt province associated with the Afar mantle plume (Schilling et al. 1992; Hofmann et al. 1997; Ebinger & Sleep 1998) , roughly coincident with the onset of rifting in the Red Sea and Gulf of Aden (Wolfenden et al. 2004) . Low P-and S-wave velocities in the upper mantle beneath the uplifted plateaus of Arabia and NE Africa indicate that the thermal anomaly associated with the plume exists till today (Benoit et al. 2003 (Benoit et al. , 2006 Bastow et al. 2008) . The currently-active Dabbahu segment lies within the Red Sea arm of the triple junction. Rifting in the Red Sea has progressed to seafloor spreading between ∼21
• N and ∼15 • N, south of which spreading is offset to the west into northern Afar. Seismic refraction and reflection studies indicate that the highly intruded and extended Afar crust varies from 18 km thick in the north to 26 km thick in the south (Berckhemer et al. 1975; Makris & Ginzburg 1987; Tiberi et al. 2005; Stuart et al. 2006) . Geodetic and geological data suggest an average spreading rate of <20 mm yr −1 (Chu & Gordon 1998; Kreemer et al. 2005; Vigny et al. 2006) .
Since ∼3 Ma, faulting and volcanism in Afar, have localized to ∼60-km-long, 20-km-wide axial volcanic ranges of aligned magmatic centres, similar in size, morphology and spacing to the second-order, non-transform offset segmentation of slow-spreading mid-oceanic ridges (Hayward & Ebinger 1996; Manighetti et al. 1998) . The subaerial section of the Red Sea rift is comprized of numerous, previously mapped, magmatic segments (Hayward & Ebinger 1996) . The northernmost segments of Erta'Ale and Tat'Ale are characterized by axial volcanic ranges (Barberi et al. 1972) (Fig. 1) . To the south, the rift jumps to the west to the Alayta and Manda-Hararo segments (Fig. 1) . The Dabbahu segment forms part of the larger Manda-Hararo rift segment, which, unlike the more northern magmatic segments, is characterized by a 35-km-wide depression (Rowland et al. 2007) . Barberi & Varet (1975) state that the segment is the only place in Afar where typical mid-oceanic basalts occur. More recent geochemical analysis of Manda-Hararo basalts show both enriched and depleted light rare earth element (LREE) suggesting the involvement of two different mantle components (Barrat et al. 2003) .
The Dabbahu rifting episode was first detected on 2005 September 14 when an earthquake of magnitude (M b ) ∼ 4.7 was recorded. In total, a swarm of 162 earthquakes (magnitude 4.1-5.2) were recorded by NEIC between September 20 and October 4, coinciding with the opening of a new 400-m-long, 80-m-wide volcanic vent on the eastern flank of Dabbahu volcano (Wright et al. 2006; Yirgu et al. 2006; Ayele et al. 2007; Rowland et al. 2007) . The Geophysical Observatory at Addis Ababa University recorded nearly continuous activity between September 24 and 26 with the number of earthquakes declining on September 27 ). An earthquake of magnitude 5.2 on September 26 occurred approximately half an hour before the onset of the volcanic eruption, according to local pastoralists. The eruption was composed of pumice, fine ash and silicic lava. Initial analysis of the erupted rhyolitic pumice indicated a felsic source at a depth of <6 km (Wright et al. 2006) . Surface deformation estimated from radar interferometry indicated a maximum horizontal opening of 8 m perpendicular to the rift (Wright et al. 2006; Ayele et al. 2007) . A maximum uplift of ∼1.5 m occurred on both rift flanks with respect to the far field and extended along most of the segment. A 2-3-km-wide central zone subsided by up to 2 m, with a further 2-3 m of subsidence occurring around Dabbahu and Gabho volcanoes at the northern end of the segment. The observed surface deformation and seismicity were in accordance with the injection of a 60-km-long dyke, between 2 and 9 km depth along the length of the segment (Wright et al. 2006; Yirgu et al. 2006; Ayele et al. 2007; Rowland et al. 2007) .
Deformation, at rates of a few cm per month, was observed around the rift segment in the months following the initial intrusion (Ebinger et al. 2008 ; Section 2.2). Seismicity suggests that this may result from continued magma injection. The deformation style changed dramatically on 2006 June 17 when a new dyke was intruded in the vicinity and to the south of the Ado'Ale volcanic complex-a dissected, central silicic centre 30 km south of Dabbahu volcano (Keir et al. 2008) . By the end of 2007, a total of seven new dykes had been intruded into the Dabbahu segment. Here we present a number of ascending and descending interferograms from 2006 June to 2007 November covering each of the new dykes. We use elastic modelling of InSAR and GPS data to determine the geometry and amount of opening for each event, compare the results with the 1975-1984 Krafla rifting episode and provide further evidence for the presence of a deep magma source below the centre of the Dabbahu rift segment.
M E T H O D S

InSAR data
Satellite Radar Interferometry (InSAR) is a widely used technique for monitoring deformation of the Earth's surface. By differencing the phase from two radar images acquired at different times, maps of range change between the radar and ground can be obtained with centimetre precision (Massonnet & Feigl 1998) . Following the 2005 September rifting episode regular Advanced Synthetic Aperture Radar (ASAR) acquisitions have been acquired over the Dabbahu magmatic segment using ESA's Envisat satellite (Fig. 2) . All of the interferograms have been processed using the JPL/Caltech ROI PAC software (Rosen et al. 2004) . Topographic corrections were made using a 3 (90 m) digital elevation model (DEM) generated by the NASA Shuttle Radar Topography Mission (Farr & Kobrick 2000) . Interferograms are filtered using a power spectrum filter (Goldstein & Werner 1998) and unwrapped using the branch cut algorithm (Goldstein et al. 1988) . The unwrapped interferograms are checked for any unwrapping errors and corrected for, where necessary. In cases where ambiguities could not be reliably determined, we removed the ambiguous phase from the unwrapped interferograms. Where data exist, and perpendicular baselines allow, interferograms are formed with the shortest possible time span, which for Envisat is 35 d (Fig. 2) . Fortunately, coherence in the Afar region is generally high due to the arid environment, and interferograms with perpendicular baselines as large as 600 m remain coherent. Although conditions are arid, water vapour from the Red Sea and Gulf of Aden cause an average far field noise of 20 mm.
GPS data
In addition to the InSAR data, continuously recording GPS data from up to 11 sites, installed in and around the rift segment in response to the 2005 dyke injection, were available covering the 2006-2007 dyke sequence (Figs 1 and 5h) .
In a first step, we processed phase and pseudo-range GPS data in single-day solutions using the GAMIT software (King & Bock 2005) . We solved for station coordinates and phase ambiguities using doubly differenced GPS phase measurements. We applied azimuth and elevation dependent absolute antenna phase centre models, following the table recommended by the IGS. We implemented the reference frame by tightly constraining the GPS orbits and IERS earth orientation parameters to the final IGS values and map site positions with respect to site DA60 (Fig. 3) .
With the exception of the sites located at the volcanoes-DABB and GABH-most of the sites show steady long-term westward velocities, likely to be the result of long term relaxation following the 2005 September intrusion (Fig. 3) . Sites nearest the rift also show sudden displacements on the dates of dyke injections. To calculate the size of these jumps, we modelled site positions as the sum of (1) a linear term representing a long-term (constant) velocity, (2) additive shifts at the time of dyke intrusions and (3) an annual and semi-annual periodic term representing seasonal effects not modelled in the GPS data analysis. The model equation is
where a, b, c i , d, e, f and g are estimated by inverting the site position data y using a singular value decomposition scheme. H (t i ) is the Heaviside step function that shifts from null to unity at the time t i of the ith dyke intrusion, where t measures time, in years, from the beginning of GPS observations in 2006 (Press et al. 1986) . We then use the modelled site positions corrected for the annual and semi-annual terms to compute site displacement between the time of the two SAR scenes that compose each interferogram.
Elastic dislocation modelling
Uniform opening model
Initially, each dyke was modelled as a rectangular dislocation in an elastic half-space, after the formulations of Okada (1985) . The 3-D displacements calculated by the model are projected into the satellite line of sight (LOS) and solutions are found that minimize the square misfit between the observed and calculated LOS displacements (Wright et al. 1999 ). To make the inversion possible, the InSAR data are first subsampled using a Quadtree algorithm (e.g. Jónsson et al. 2002) , which reduces the number of data points from ∼10 7 to ∼10 3 . A hybrid Monte Carlo, downhill simplex inversion is used to determine a set of parameters with minimum square 11.6 ± 0.3 331.2 ± 1.5 1.6 ± 0.1 87.9 ± 0.9 30 misfit (Wright et al. 1999) . Using the InSAR data we solve for the position, dip and strike of the rectangular dislocation, its length and depth extent and the opening displacement, which is constant and normal to the dyke. Parameter uncertainties are calculated using a Monte-Carlo simulation in which correlated noise is added to the data (Wright et al. 2003; Parsons et al. 2006) . For each interferogram, the noise is estimated by fitting covariance functions to phase data away from the dyke. Assuming this is representative of the atmospheric noise in the deforming area, the distribution of model parameters provides an estimate of their uncertainty. The models provide useful constraints on the geometry of each of the dykes (Table 1) . Despite the relatively poor misfit between predicted and observed displacements (20 mm < rms < 50 mm), we were able to use the data to determine the location of the surface trace for each of the dykes. Fig. 4 shows a density plot showing the location of the 100 best fitting dyke models for all seven of the post 2005 September dyke intrusions. The grid is divided into 1 × 1 km squares; each time a dyke passes through a patch, a counter is incremented by 1. The patches with the highest density of intersections are plotted with darker colours. The preferred locations for the dykes form a narrow NW-SE, ∼25-km-long cluster, offset by ∼2 km toward the north, and all lie within the subsiding zone associated with the 2005 September intrusion. The inverted dyke locations are consistent with the reintrusion of the September 2005 dyke plane, within uncertainties.
Distributed opening model
To improve the fit to the data and make the model more realistic, we next solved for a distributed opening model. The extent and shape of the dyke is determined from the uniform opening models described in Section 2.3.1, and the location of the dyke is shown by the red dashed line in Fig. 4 . Field observations indicate that existing faults are reactivated after new dyke intrusions (Rowland et al. 2007 ). In the model, a generalized fault geometry has been traced from a DEM. Faults extend to a depth of 2 km dipping at 65
• (black lines in Fig. 4 ) and were discretized into 1 km × 2 km patches along strike and downdip, respectively. The dyke is assumed to be vertical as uniform opening models indicate that the dykes all dip within 3
• of the vertical. It is ∼75 km long and is fixed to a depth range of 0-10 km and has been divided into 750, 1 × 1 km patches. The northern 25 km of the model uses the fault and dyke geometry of Wright et al. (2006) . Displacement along the dyke is normal to the dislocation plane and fault slip is pure normal dip-slip. The 
where A asc , A dsc , A gpsx , A gpsy and A gpsz are a set of matrices representing Green's functions for the ascending and descending interferograms, GPS displacements in the x, y and z directions, which, multiplied by m, produce the model displacements at the observation points, x and y, using the elastic dislocation formulation of Okada (1985) ; ∇ 2 is the finite difference approximation of the Laplacian operator, which acts to smooth the distribution of slip and opening, the relative importance of which is governed by the size of the scalar smoothing factor κ; a and b are phase gradients in the x-and y-direction respectively; c are offsets to account for the unknown zero phase level (InSAR) or displacements at the reference GPS station (subscripts indicate data source) and d is a vector containing the observed displacements (Wright et al. 2004b) .
Using a shear modulus of 32 GPa and a Poisson's ratio of 0.25, we solve for the best fitting opening distribution using a non-negative least-squares inversion (Bro & Jong 1997) . The best fit solution depends on the size of the smoothing factor κ. High values generate an oversmooth solution with a larger misfit whereas low values cause small misfits but oscillating opening distributions. By plotting solution roughness (the mean absolute Laplacian of the slip model) against misfit, solutions that have both low misfit and roughness are selected.
To account for the different quantities and uncertainties of the GPS and InSAR data, we vary the relative weighting of each data set and assess the affect on the rms misfit (Pedersen et al. 2003) . Increasing the weight of the GPS data relative to the InSAR shows little improvement to the fit for the GPS data but causes a significant increase in the misfit with the InSAR data. For example, setting the GPS weight to zero for the inversion of the 2006 June data set results in a rms misfit of 22.5 and 19.4 mm for the ascending and descending interferograms, respectively, and 2.7, 2.4 and 4.2 mm for the GPS in the x, y and z directions. When the InSAR data is given zero weight, the misfit to the GPS reduces to 1.1, 1.6 and 2.8 mm, respectively, but the fit to the InSAR data deteriorates significantly (300 mm, 232 mm). A good compromise can be made by giving equal weights to both data sets, whereby a good fit to both GPS and InSAR data is achieved (24, 21, 1.5, 2.0 and 4.1 mm). It is worth noting that the fit to the GPS data is good even when it has zero weight; so, it is not contributing a lot of additional information to the inversion. (Keir et al. 2008) .
Ascending and descending interferograms formed covering the June earthquake swarm (Figs 2 and 6) indicated new activity in the centre of the Dabbahu segment. Images acquired on May 20 and June 24 were used to construct a 35-d descending interferogram (Fig. 6d) . A large baseline, ∼1200 m, prevents the formation of the ascending interferogram using images acquired on June 12 and July 17 on track 300. Instead, we used the interferogram from June 12 to August 21, which includes deformation from intrusions in both June and July. To isolate the signal for the June intrusion, the deformation associated with the July event was removed by subtracting the 35-d ascending interferogram from July 17 to August 21, acquired on the same track. Three of the GPS sites show relative displacements with respect to the most distant site, DA60 (Fig. 5a ). The closest of these was 25 km west of the rift axis (DA25), and recorded a westward displacement of 47 mm (Fig. 6a ). An epoch-by-epoch analysis of GPS data shows that the intrusion occurred in approximately 4 hr (Keir et al. 2009 ).
Deformation was concentrated in the centre of the rift segment, and the location of seismicity correlates well with the InSAR data (Keir et al. 2009 ). Surface deformation patterns are in agreement with the displacement field from the intrusion of a ∼10-km-long dyke oriented NNW-SSE. In the ascending interferogram (Fig. 6a) , 19 fringes were observed on the western flank indicating a maximum line-of-site displacement of ∼54 cm towards the satellite (range decrease). On the eastern flank, a maximum range increase of ∼12 cm was observed. The asymmetric deformation pattern is a result of the viewing geometry. In the east-looking ascending interferogram (Fig. 6a) , horizontal and vertical displacements to the west of the dyke are toward the satellite and sum constructively, whereas on the east side of the dyke displacement is toward the satellite in the vertical direction but away from the satellite in the horizontal. The asymmetry is reversed for the west-looking descending track (Fig. 6d) , where −23 (∼65 cm) and +9 (∼19 cm) fringes were observed on the eastern and western flanks, respectively. The larger signal is mainly due to a higher incidence angle used for this acquisition (45 • ), making the satellite more sensitive to horizontal motion. Displacements recorded by GPS were used in a joint inversion of InSAR and GPS data. The modelled GPS displacements provide a good fit to the data and lie within the 95 per cent confidence ellipses for the GPS estimates of displacement (Fig. 5) , if three additional free parameters are included to account for the motion of reference point DA60.
The best fitting model (Figs 6b, e and g) from the inversion of InSAR and GPS data obtained with a solution roughness of 1.1 × 10 −5 cm km −2 , suggests the dyke was ∼10 km long, agreeing with observed seismicity, with a maximum opening of 2.2 m, and that normal faults slip by no more than 1.3 m. Most opening occurred between 2 and 8 km depth, with little opening below 9 km or above 1 km. A total of 0.12 km 3 of magma was intruded, only ∼5 per cent of the 2005 September intrusion, giving a geodetic moment of 5.4 × 10 18 N m. Errors in opening, calculated using the Monte Carlo simulations described in Section 2.3.1, are plotted on the dyke model (Fig. 6h) , revealing areas where the opening is less well constrained. The 1-σ errors in the inversion are less than 22 cm throughout the model, with maximum errors occuring in regions of incoherence in the InSAR data. The model explains most of the deformation with rms misfit to the LOS data of 21 mm (Figs 6c and f), comparable to the level of noise in the far field (∼20 mm). Larger misfits occur close to the dyke where data coherence is poor and where our simplified geometry does not fully reflect the complexity of real faults. Misfits at the northern end of the dyke occur where inflation of Dabbahu and Gabho volcanoes is not modelled. Table 2 gives values for the seismic moment, amount of opening, volume and depth for each of the dykes.
2006 July intrusion
Seismicity in the Dabbahu rift was low after the June intrusion until July 25-26, when a swarm of M L 2-3 earthquakes were recorded by our local network to the south of Ado'Ale (Keir et al. 2008) .
Two 35-d interferograms, one ascending and one descending (Figs 7a and d) , formed covering the month of July reveal the intrusion of a new dyke. The ascending interferogram, using images acquired on July 17 and August 21, has a 564 m baseline causing some coherence loss compared with the descending interferogram June 24-July 29), which has a smaller baseline of 365 m.
The intrusion was smaller in size and located to the south of the June intrusion, but the observed surface deformation was similar. The displacements are consistent with the intrusion of another dyke oriented NNW-SSE and correlates with the spatial distribution of seismicity (Keir et al. 2008) . In the ascending interferogram (Fig. 7a) , we see ∼37 cm of range decrease on the western flank and ∼8.5 cm of range increase on the eastern flank. On the descending track (Fig. 7d) , ∼56 cm of displacement has occurred on the eastern flank and ∼11 cm in the west. In addition, ∼6 cm of uplift was observed at Dabbahu at the northern end of the segment. Displacement vectors at two sites, DA25 and DA35 (Fig. 5) , also recorded the dyke intrusion with a westward displacement of 18 and 17 mm, respectively.
Using a solution roughness of 6.5 × 10 −6 cm km −2 , the best fitting model (Figs. 7b, d and g ) suggests a 9-km-long dyke, intruded between depths of 0 and 5 km. Maximum opening of 1.1 m occurred in the centre of the dyke and the normal faults above slipped by up to 1 m. A total volume of 0.068 km 3 was intruded (2.7 per cent of 2005 September), giving a geodetic moment of 3.2 × 10 18 N m. The 1-σ error in model opening is less than 13 cm with a maximum occuring in regions close to the dyke (Fig. 7h) . Most of the observed deformation is explained by the model with a rms misfit of 19 mm. The largest misfits occur close to the dyke where the effect of the near-surface faults is felt. A broad residual to the north of the intrusion, most notably on the descending track (Fig. 7f) , is probably a result of atmospheric noise and continued relaxation of the crust being modelled as opening. Modelled GPS displacements fit the data well and lie close to or within the error ellipse for each site (Fig. 5b ). oriented NNW-SSE and located to the south of the July intrusion. The deformation was less than that caused by previous intrusions, with a maximum ∼14 cm of range decrease in the ascending interferogram and ∼19 cm in the descending. This was mirrored in the GPS data (Fig. 5c ), only the station at DA25 records the intrusion showing a maximum westward displacement of ∼11 mm. With a solution roughness of 7.1 × 10 −6 cm km −2 , the model for the September 2006 event is able to explain most of the deformation (Figs 8b, d and g ), yielding an rms misfit to LOS data of 20 mm. Maximum opening of 1.2 m occurred between 3 and 8 km depth with normal faults slipping up to a maximum of 0.5 m. The total intruded volume was 0.088 km 3 , again small (3.6 per cent) relative to the event of September 2005. The moment release from the recorded earthquakes was only ∼0.1 per cent of the total geodetic moment (3.2 × 10 18 N m). The model has a 1-σ error of less than 15 cm everywhere, with the largest errors occuring where displacement is greatest and further south where the model may be influenced by an atmospheric signal. 
2006 September intrusion
2006 December intrusion
Surface deformation seen in interferograms covering the beginning of December reveal the intrusion of a fourth dyke. The event was captured by GPS (Fig. 5d) , indicating that the intrusion occurred on December 7. Two ascending interferograms (Figs 9a and d) , on tracks 300 and 28, show deformation concentrated to the north of the 2006 September event and between the intrusions of 2006 June and July. Interferograms on the descending track cover both of the intrusions in December and January, therefore only ascending interferograms isolate the event and are modelled. The pattern of deformation was similar to that observed for the intrusions in June and July; ∼50 cm of motion was detected towards the satellite with the ground moving away by ∼8.5 cm on the eastern flank.
The model for the 2006 December event suggests a 7-8 km long dyke intruded between 1 and 6 km depth. Maximum opening of 1.8 m occurred between 2 and 5 km depth and normal faults slipped by no more than 0.9 m. Approximately 0.06 km 3 of magma was intruded (3.4 per cent of 2005 September) with a geodetic moment release of 3.05 × 10 18 N m. The 1σ error of the opening is less than 15 cm for the entire model, with most parts having an error of < ∼10 cm. The model is able to explain most of the deformation observed in the interferograms (Figs 9b and e) , with an rms misfit to the LOS data of 19 mm. Greatest residuals occur close to the dyke and in the north, residuals in the north are due to the inflation of Dabbahu volcano being modelled as opening on the dyke.
2007 January intrusion
Further dyking occurred during 2007 January, located in the south of the segment. The dyke was intruded along the same section as the 2006 September event. The surface deformation was very similar in the ascending interferogram, with ∼19 cm of motion detected towards the satellite and ∼3 cm away (Fig. 10a) . GPS displacements reveal that the intrusion occurred on January 14 (Fig. 5e) . As for the December event, no descending interferograms can be formed, which capture this event without including the deformation from the previous intrusion.
The best fitting model, (Figs 10b and d) suggests a dyke with a maximum opening of 0.7 m between 4 and 8 km depth. The opening was 9-10 km long at depth but narrowed towards the surface where normal faults slipped by no more than 1.1 m. Only 0.045 km 3 of magma was intruded, 1.6 per cent of the volume intruded during the 2005 September event, resulting in a total geodetic moment of 2.07 × 10 18 N m. The 1σ error is less than 11 cm everywhere, with the largest errors occuring close to the areas of maximum opening (Fig. 10e) . High coherence and low atmospheric noise across the scene means that residuals are relatively small with an rms misfit of 10 mm to the LOS data (Fig. 10c ).
2007August intrusion
Deformation in the Dabbahu segment between January and the end of 2007 July, following the January intrusion, was small and isolated around Dabbahu volcano and the centre of the rift segment. However, information given to the Geophysical Observatory in Addis Ababa reported activity in the Karbahi region, close to the Ado'Ale volcanic complex in early August. On August, local pastoralists reported seeing 'fire' and smoke in the vicinity, which continued until August 16. Hotspots associated with the eruption were detected by NASA's Moderate-resolution Imaging Spectrometer (Wright et al. 2004a ) over this period. Ground investigations carried out by a team from Addis Ababa University revealed that fresh basaltic lavas were erupted from long fissures over a total distance of ∼5 km. The observed flows travelled a few hundreds of metres from their associated fissure vents (Yirgu et al. 2007) .
Interferograms covering the period were available on both ascending and descending tracks (Figs 11a and d) and reveal the intrusion of a dyke in the centre of the rift segment, in approximately the same location as the 2006 July dyke intrusion (Fig 7a  and d) . In the ascending interferogram, the ground was displaced by ∼54 cm toward the satellite on the western flank and moved away by ∼12 cm on the east side, with similar displacements observed in the descending interferogram. Hotspots and field observations of lava flows associated with the dyke were located along the southern ∼5 km of the deformation field, implying that the whole dyke did not rupture the surface.
The model provides a good fit to the LOS displacements, with an rms misfit of 22 mm. The best fitting model (Figs 11b, e and g) suggests a dyke with a maximum opening of 2.4 m, intruded between 0 and 3 km depth and with normal faults that slip by no more than 0.7 m. The dyke was 9-10 km long with more opening at the southern end in accordance with field observations that surface flows were observed in this location. A total volume of 0.06 km 3 of magma was intruded (2.4 per cent of the volume intruded during the 2005 September event) resulting in a total geodetic moment of 2.4 × 10 18 N m. Assuming the eruption was 5 km long, 200 m across and no more than 2 m thick, as estimated from field observations, the total erupted volume was <0.002 km 3 , only 3 per cent of the total intruded volume. The location of the dyke is very similar to the July dyke, but maximum opening has occured at a shallower depth. The intrusion is captured by multiple GPS sites around the rift and the modelled displacements provide a good fit with the data (Fig. 5f) . The 1σ error is less than 15 cm everywhere, with maximum errors occuring close to the areas of greatest opening (Fig. 11h) and further north, where there is a secondary signal in the data, which may be unrelated to the dyke event.
2007 November
During 2007 September and October, little deformation was observed along the Dabbahu segment. Interferograms spanning 2007 November indicate the intrusion of a seventh dyke in the south of the segment. The event was captured in multiple interferograms (Figs 12a and b) , and the available GPS data indicates that the intrusion occurred on November 12. In both the ascending and descending interferograms, up to ∼40 cm of displacement occurs towards the satellite and ∼15 cm away. At the northern end of the dyke, there was a zone of up to ∼8.5 cm of subsidence, implying that at least some of the magma may have been sourced from a shallower chamber, something that has not been observed during the previous intrusions.
The best-fitting model for the November 2007 event (Figs 12a, e and g), suggests a dyke intruded between 0 and 8 km depth, with a maximum opening of 1.7 m. Normal faults slip by no more than 1.8 m. The total intruded volume was 0.15 km 3 , making it the most voluminous of the dykes since September 2005, with a geodetic moment release of 6.0 × 10 18 N m. The model explains most of the observed deformation with a rms misfit to the LOS displacement of 22 mm (Figs 12c and f) . The 1σ error is less than 20 cm, with maximum errors occurring close to the dyke where coherence is low. The zone of subsidence to the north of the dyke can be explained with a point pressure source (Mogi 1958) , deflating by between 0.019 and 0.032 km 3 (12-14 per cent of total), at 7-10 km depth (Fig. 11g) . Modelled GPS displacements fit the data well (Fig. 5g) , with the exception of the station at DAYR, where we overestimate the displacement by ∼9 mm.
D I S C U S S I O N
Most of the deformation associated with the 2006 June to 2007
November dyke intrusions can be explained by our simple models. The combination of seismicity, GPS and InSAR data from the Dabbahu rift make it is possible to constrain the timing of each event and estimate their displacement fields.
The pattern of dyke intrusion observed within the Dabbahu rift segment shows many temporal and spatial similarities with the 1975-1984 Krafla rifting episode in Northern Iceland, where 9 m of rift opening occurred through 20 discrete dyke intrusions (Fig. 14) . To date, the intrusion of eight dykes has been observed in the Dabbahu rift segment in Afar. Seismicity associated with both the 2006 June and July dyke intrusions indicate that the intrusions occurred over several hours on June 17 and July 25, and that the dykes propagated at velocities of ∼1-2 m s −1 (Keir et al. 2008 ), similar to those observed during the Krafla episode (Einarsson & Brandsdóttir 1980) . The total volume estimated to have been intruded during the Krafla rifting episode was ∼1.1 km 3 (Tryggvason 1984) . The volume of magma intruded during 2005 September was ∼2.5 km 3 (Wright et al. 2006 ) and a further ∼0.5 km 3 was intruded between 2006 June and 2007 November.
With the exception of the 2007 November intrusion, we do not observe any subsidence in the InSAR data at the volcanic centres in the Dabbahu rift segment, following any of the intrusions However, the withdrawal of magma from crustal magma chambers and the subsequent deflation of volcanic centres is frequently observed during dyke intrusions (Björnsson et al. 1977 (Björnsson et al. , 1979 Tryggvason 1980 Tryggvason , 1984 Tryggvason , 1994 Cervelli et al. 2002) . During the Krafla rifting episode, intrusions were accompanied by rapid deflation of the Krafla caldera, after which inflation resumed. The primary magma chamber beneath Krafla is at about 3 km depth. Assuming that 0.12 km 3 of magma was intruded in the June 2006 dyke, the surface deformation caused by a Mogi source deflating by the same amount at 3 km depth would cause ∼3 m of surface displacement. A source located at 15 km depth would cause a maximum of ∼15 cm of subsidence over a broad area and we would expect to see some subsidence at the GPS sites 25 and 35 km away. However, this is not observed following any of the intrusions except in 2007 November when minor localized subsidence was observed at Ado'Ale silicic complex. Simple Mogi modelling for this magma chamber indicates a source located at ∼7-10 km depth, releasing a maximum of ∼0.023 km 3 of magma, only 14 per cent of the total intruded volume. Similar volume discrepancies were observed in the 2005 September intrusion in Afar, where only 0.5 km 3 of magma was sourced from the volcanoes at the north of the segment (Wright et al. 2006) . This discrepancy could be explained by magma compressibility (Delaney & McTigue 1994) , incorrect Poissons ratio (Johnson et al. 2000) or the difference in compliance between the magma chamber and the dyke (Rivalta & Segall 2008) . Another possibility could be that the magma supply rate is equal to the drainage rate during the intrusions, therefore no deflation of the chamber would be observed (Mériaux & Jaupart 1995) , or that the magma source could be at depth such that we do not observe any measurable signal at the surface. The presence of a deep source situated at the crust-mantle boundary beneath the Krafla volcanic system has been suggested by de Zeeuw-van Dalfsen et al. (2004) and cannot be ruled out in the Dabbahu segment. The modelled vertical displacment at DA25, associated with the 2006 dyke June, is 24 mm, whereas the observed displacement at the same site was ∼15 mm (±5.8 mm). If we assume that the difference in vertical signal is the result of a deflating body and take into account the vertical offset at DA60, then a point source deflating by 0.12 km 3 would have to be between ∼33 and ∼160 km deep.
Simulations of dyke intrusions indicate that dyke propagation is largely controlled by the difference between tectonic stress and magma pressure (Buck et al. 2006) . Maximum opening during the 2005 September event occurred north of Ado'Ale, locally relieving the tectonic stress in the upper crust. Fig. 13 shows the depth (Fig. 13) . In addition, to the north and south of Ado'Ale, the orientation of the segment changes relative to the regional extension direction. South of Ado'Ale the segment is near orthogonal to the regional extension direction (NW-SE). However, to the north, the segment swings by ∼20
• to a more northerly orientation, where it becomes more oblique, approximately 60
• , to the regional extension direction (Rowland et al. 2007 ), causing a difference in stress to the north and south of Ado'Ale.
Dyking in Afar has largely been at depth, with only one dyke resulting in a surface eruption. In comparison, nine of the 20 dykes intruded during the Krafla rifting episode resulted in surface basaltic flows, with three of those occurring in the first 2 yr. Models of dyke propagation following the Krafla rifting episode (Buck et al. 2006) indicate that extrusive eruptions will only occur when the principal horizontal stress is equal to or greater than the vertical stress, in other words, when it becomes easier for the magma to propagate vertically rather than laterally. In Afar, only the southern ∼5 km of the 2007 August dyke intrusion results in the extrusion of basaltic material, implying that the tectonic stress was locally relieved during the intrusion. In addition, the topography at the southern end of the dyke is likely to have had an influence on where the extrusion occurred. The southern end of the dyke corresponds to a topographic low (Fig. 11i) . Assuming the dyke is intruded at a shallow depth, as with the July intrusion, the ∼200 m lower topography may have enabled the dyke to intercept the surface in this region.
It is clear from the available data that magma intruded during the 2006 June to 2007 November dykes was not sourced from either of the volcanoes at the northern end of the segment, Dabbahu and Gabho, which provided some of the magma for the 2005 intrusion. Lateral migration of seismicity away from Ado'Ale during the 2006 June and July intrusions (Keir et al. 2008) , the broad zone of uplift observed in both InSAR and GPS data prior to the June intrusion, and the subsidence observed in 2007 November point towards a magma source located beneath the Ado'Ale volcanic complex.
Observations from the Krafla rifting episode (Fig. 14) suggests that dyking in the Dabbahu segment will continue while a magma source persists and until the tectonic stress has been relieved. It is evident that new dyking occurs in regions where less opening has occurred in previous intrusions (Fig. 13) . Assuming that the tectonic stress along the segment is smooth spatially, we expect 5-6 m of opening everywhere along the segment. Thus, if the pattern of intrusion continues, then we expect that any new dykes will be intruded into regions along the segment that have yet to experience ∼6 m of opening. It is therefore likely that any new dyking will be focused in the area of current activity south of Ado'Ale and in the region in the north of the segment, ∼5-20 km south of Dabbahu volcano, or possibly on the neighbouring segments, Hararo in the south and Alayta in the north.
C O N C L U S I O N S
We have presented new geodetic data from Envisat interferometry to determine dyking models for a sequence of seven dykes in Northern Afar, Ethiopia. The sequence of dyking is ongoing in the Dabbahu rift segment and the intrusions are shown to be similar to the 9 yr 1975-1984 Krafla rifting episode. Distributed opening models indicate that the total volume intruded from the 2006 June-2007 November dyke sequence is ∼25 per cent of the 2005 September intrusion. The location of new dyking appears to be related to stress levels in the crust, with new dykes progresively being intruded into areas where less opening occurred during the 2005 September intrusion. Inflation around the Ado'Ale volcanic complex prior to the intrusions, lateral migration of seismicity and geodetic data, all indicate the presence of a magma source in the centre of the rift segment. With a continued supply of melt, dyking will continue in the Dabbahu rift segment until the tectonic stress is relieved.
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